Farnesyl diphosphate is involved in rubber biosynthesis as an initiating substrate for both polyprenol and mushroom rubber. So far, we have isolated the cDNA of a farnesyl diphosphate synthase (FPS) for the first time from a rare rubber-producing mushroom, Lactarius chrysorrheus, by the degenerate RT-PCR technique based on sequence information of FPS genes from fungi and yeasts. The open reading frame was clarified to encode a protein of 381 amino acid residues with a calculated molecular weight of 42.9 kDa. The deduced amino acid sequence of L. chrysorrheus FPS showed about 50% identity with those of other fungi and yeasts as well as plants. We expressed the cDNA of L. chrysorrheus FPS in Escherichia coli as a glutathione-S-transferase (GST)-fusion protein. The purified obtained protein showed FPS activity in which geranyl diphosphate (GPP) served as primary substrate, with a 2.4-fold higher k cat =K m value for GPP than for dimethylallyl diphosphate (DMAPP).
Farnesyl diphosphate is involved in rubber biosynthesis as an initiating substrate for both polyprenol and mushroom rubber. So far, we have isolated the cDNA of a farnesyl diphosphate synthase (FPS) for the first time from a rare rubber-producing mushroom, Lactarius chrysorrheus, by the degenerate RT-PCR technique based on sequence information of FPS genes from fungi and yeasts. The open reading frame was clarified to encode a protein of 381 amino acid residues with a calculated molecular weight of 42.9 kDa. The deduced amino acid sequence of L. chrysorrheus FPS showed about 50% identity with those of other fungi and yeasts as well as plants. We expressed the cDNA of L. chrysorrheus FPS in Escherichia coli as a glutathione-S-transferase (GST)-fusion protein. The purified obtained protein showed FPS activity in which geranyl diphosphate (GPP) served as primary substrate, with a 2.4-fold higher k cat =K m value for GPP than for dimethylallyl diphosphate (DMAPP).
Key words: farnesyl diphosphate; rubber biosynthesis; farnesyl diphosphate synthase; Lactarius chrysorrheus; glutathione-S-transferase Farnesyl diphosphate synthase (EC 2.5.1.1) plays the central role in both eukaryotic and prokaryotic isoprenoid biosynthetic pathways.
1) It catalyzes the consecutive condensations of dimethylallyl diphosphate (DMAPP) or geranyl diphosphate (GPP) with isopentenyl diphosphate (IPP) to produce farnesyl diphosphate (FPP) as a final product. FPP is situated at the branching point of the isoprenoid biosynthetic pathway for several isoprenoids, such as steroids, cholesterol, prenylated proteins, sesquiterpenes, heme A, and vitamin K2.
2) Furthermore, FPP is the allylic diphosphate initiator for successive condensations of IPP in the trans-or cis-configuration to produce trans-polyisoprene (chicle, gutta percha) or cis-polyisoprene (natural rubber).
The cDNAs or genomic DNAs encoding FPS have been isolated from divergent organisms, e.g., rat liver, 3) human, 4) chicken, 5) yeast, 6) Escherichia coli, 7) Bacillus stearothermophilus, 8) and higher plants. [9] [10] [11] Recently, FPS were isolated from two ascomycete fungi, Neurospora crassa and Gibberella fujikuroi, as well as two other plant pathogenic fungi, Sphaceloma manihoticola and Claviceps purpurea.
12) These FPSs are assumed to be important for membrane sterol biosynthesis. Additionally, it is well known that N. crassa and G. fujikuroi produce carotenoids 13, 14) and gibberellins, 15, 16) respectively, both of which are derived from geranylgeranyl diphosphate (GGPP) given by GGPP synthases, not by FPSs. Although a considerable amount of information about these short-chain prenyl diphosphate synthases has been accumulated, molecular cloning and characterization of FPS isolated from mushroom has not been reported yet.
Rubber (cis-1,4-polyisoprene) is synthesized in at least 2000 species of plants. Among these, a Hevea rubber tree (Hevea brasiliensis) is apparently the best producer. Many studies of the cloning and analysis of the enzymes involved in the rubber biosynthesis path-way from rubber producing plants, viz., Hevea brasiliensis [17] [18] [19] [20] [21] and Parthenium argentatum, 22) have been conducted. Besides these higher plants, it is noteworthy that some species of the fungi genera Lactarius, Peziza, Russala, and Hygrophorus have been reported to produce latex containing cis-polyisoprene of low molecular mass. [23] [24] [25] [26] [27] 13 C-NMR analysis of rubbers from L. volemus, L. chrysorrheus, and L. hygrophoroides indicated that these rubber molecules are composed of a dimethylallyl group, two trans-isoprene units, 160-300 cis-isoprene units, and a terminal hydroxyl or ester group in that order. 28, 29) According to this alignment of the isoprene units in rubber from mushrooms, FPP formed by FPS is assumed to be the initiating substrate for rubber formation.
L. chrysorrheus is one of the species of Lactarius mushrooms, which produces white latex that turns yellow on exposure to air. Its yellow latex contains rubber of low molecular weight. L. chrysorrheus starts to grow in pine and/or broad-leaf forests in autumn. As is the case with FPS from other rubber producing organisms, it is believed that FPS from L. chrysorrheus plays an important role in rubber biosynthesis to yield the initiating substrate. In order to examine this possible role of FPS in L. chrysorrheus, we isolated the corresponding cDNA, and then we prepared and characterized the purified recombinant protein.
Materials and Methods
Mushroom material. A wild grown young mushroom (L. chrysorrheus, yellow milk cap) was collected from the pine forest in Fukuoka prefecture, Kyushu, Japan, in November 2002. The collected mushroom, immediately frozen in liquid nitrogen, and was kept at À80 C.
Materials. Escherichia coli DH5 and a pT7Blue Tvector (Novagen, San Diego, U.S.A) were used for the TA cloning. E. coli BL21(DE3) and pGEX6P-1 vector (Amersham Biosciences, Piscataway, U.S.A) were used for the expression of the fusion protein. [4- 14 C]IPP (NENÔ Life Science Products, Boston, MA, U.S.A) and Non-labelled IPP, DMAPP, GPP, acid phosphatase (potato) (Sigma, St. Louis, U.S.A) were used for the measurement of FPS activity. A precoated reversedphase thin layer chromatography (TLC) plates, LKC-18 (Whatman nternational Ltd., Kent, U.K.) was used for product analysis.
Isolation of total RNA and cDNA synthesis. Total RNA was isolated from young sporophores of the mushroom using the RNeasy Ò Plant Mini Kit (Qiagen, Hilden, Germany) and treated with DNase I (Takara, Shiga, Japan), followed by phenol-chloroform treatment. From the purified total RNA, mRNA was prepared with oligotex-dT30 (Takara), and the mRNA was used to synthesize the first-strand cDNA with MMLV reverse transcriptase (Toyobo, Osaka, Japan). The first-strand cDNA was then further treated with RNase H to digest the RNA strand attached to the first-strand cDNA.
Degenerate PCR cloning of FPS cDNA from L. chrysorrheus. The partial fragment of the cDNA encoding an FPS was acquired by degenerate PCR. Two sets of degenerate primers including inosine were designed from the amino acid sequences of highly conserved regions of FPSs, which were revealed from those of two fungi (G. fujikuroi and N. crassa) and three yeasts (S. pombe, S. cerevisiae, and K. lactis). One set of primers of S1 (
0 ) was for the first PCR, and another set of primers of S2 (5
0 ) was for the second PCR. The first PCR was carried out in 100 l of 1x Ex Taq buffer containing 0.2 mM dNTP, 200 pmol of the two primers (S1/A2), 2.5 units of Ex Taq DNA polymerase (Takara), and the cDNA under the condition of 30 cycles of 94 C for 1 min, 60 C for 1 min, and 74 C for 2 min. Using 1 l of the first PCR solution as the template, the second PCR was carried out in the same reaction mixture except for the template and the primer set (S2/A2) under the condition of 30 cycles of 94 C for 1 min, 55 C for 1 min, and 74 C for 2 min. The PCR products were recovered by electrophoresis in a 1% agarose gel and subcloned into a pT7Blue Tvector. The fragment obtained was sequenced with an ABI Prism Ò 3100 Genetic Analyzer (Applied Biosystems) and it was found that the deduced amino acid sequence encoded by the 432-bp fragment was highly homologous to the corresponding region of the known FPSs. To determine the open reading frame of this FPS (ORF), 5 0 -rapid amplification of cDNA ends (RACE) and 3 0 -RACE were applied. For 5 0 -RACE, the 5 0 -Full RACE Core set (Takara) was used with L. chrysorrheus total RNA as the template and a set of specific primers:
0 ) for the first PCR; and RS2 (5 0 -ATCCAGGAT-GACTACCTCGACTAC-3 0 ) and RA2 (5 0 -TTTCCGT-TTGATACGAGACCTC-3 0 ) for the second PCR. For 3 0 -RACE, the 3 0 -Full RACE Core set (Takara) was used with L. chrysorrheus total RNA as the template and a specific primer: S1 (5 0 -GCAGATTGGCAAGATCG-3 0 ). The ORF obtained was tentatively designated LcFPS (L. chrysorrheus FPS).
Construction of expression vector in E. coli. A prokaryotic expression vector of pGEX6P-1 22, 30) was digested with BamHI and XhoI. The LcFPS was amplified by PCR with a pair of primers: ES1 (5 0 -ATAGGATCCATGGCCCCCATTGCA-3 0 ) and EA1 (5 0 -TTGCTCGAGCTACTTGGTGCGCTTGT-3 0 ); the BamHI and XhoI sites respectively are underlined. PCR was performed in 100 l of 1x Ex Taq buffer containing 0.2 mM dNTP, 200 pmol of the two primers (ES1/EA1), 2.5 units of Ex Taq DNA polymerase (Takara), and the L. chrysorrheus cDNA under the condition of 30 cycles of 94 C for 1 min, 64 C for 1 min, and 74 C for 2 min. PCR product was digested with BamHI and XhoI and then ligated into the same restriction sites of pGEX6P-1 to construct the plasmid, pGEX6P-LcFPS, to express the N-terminal fusion LcFPS protein with a glutathione-S-transferase (GST) (GST-LcFPS). The inserted ORF was sequenced to confirm that non-specific mutagenesis was not introduced during PCR. This expression plasmid was used to transform E. coli BL21(DE3), and the transformant was applied for enzyme purification.
Heterogeneous expression and purification of LcFPS. The E. coli BL21(DE3) transformed with pGEX6P-LcFPS was cultivated in a Luria-Bertani medium 31) containing 50 l ml À1 ampicillin at 37 C until OD 600 reached 0.6. Then isopropyl -D-thiogalactopyranoside (IPTG) was added to the final concentration of 1 mM, followed by further cultivation at 30 C for 3 h. Cells were harvested by centrifugation and disrupted with BugBusterÔ HT (Novagen) supplemented with 1 mM of phenyl methyl sulfonate fluoride (PMSF) and 1 mM of dithiothreitol (DTT). The crude lysate was filtrated (0.45 M) and applied onto a GSTrap FF column (Amersham Biosciences). The fusion protein of GSTLcFPS was eluted with 50 mM of Tris-HCl buffer (pH 8.0) containing 10 mM of reduced glutathione and dialyzed against 50 mM of MOPS buffer (pH 7.5), and then treated with PreScissionÔ protease (Amersham Biosciences) at 4 C overnight to remove the GST moiety. After loading onto the GSTrap FF column, the purified LcFPS protein was eluted by phosphate buffer (pH 7.
3)
The purity of GST-LcFPS and of LcFPS was checked by SDS-PAGE with coomassie brilliant blue staining, 32) and the protein concentrations were measured by the Bradford method using BSA as the standard.
33) The purified proteins were dialyzed against 50 mM of MOPS buffer (pH 7.5) prior to measurement of their enzymatic assay.
Measurement of FPS activity and product analysis. A reaction mixture for measuring of FPS activity 34, 35) contained, in a total volume of 200 l, 50 mM of MOPS (pH 7.5), 2 mM of MgCl 2 , 5 mM of DTT, 50 M of DMAPP or GPP, 50 M of [4- 14 C]IPP (37 GBqÁmol À1 ), and an appropriate amount of the enzyme. After incubation at 30 C for 30 min, the reaction was terminated by the addition of 200 l of water saturated with NaCl and then the mixture was chilled in an ice bath. The reaction products were subsequently extracted with 1 ml of 1-butanol saturated with water, and the radioactive products were quantified with an LS 6500 MultiPurpose Scintillation Counter (Beckman Coulter) and a Clear-sol I scintillation cocktail (Nacalai Tesque, Kyoto, Japan) by the d.p.m. mode.
To analyze the radioactive reaction products, the enzymatic reactions were carried out in a total volume of 200 l with the same contents as described above. After ncubation for 2 h at 30 C, the prenyl diphosphate products were extracted with 1-butanol saturated with water and then treated with potato acid phosphatase at 37 C overnight according to the method of Fuji et al. 36) to hydrolyze the diphosphate moiety. The hydrolyzed products were extracted with n-pentane and analyzed with reverse phase TLC (LKC-18; Whatman) developed with acetone/water (9:1, v/v). The radioactive products were identified by comparison with an authentic standard visualized by iodine vapor, and each of the radioactive spots was analyzed using a Bio-image Analyzer BAS1500 (Fuji, Tokyo, Japan). For kinetic studies, the concentrations of allylic substrate (DMAPP/GPP) or [4- 14 C]IPP were varied, while the counter substrate ([4-
14 C]IPP or DMAPP/ GPP, respectively) was kept constant at the saturating concentration. The concentration of the enzyme was set at 1 g/l, and the incubation period was set for 20 min. The kinetic parameters and their standard errors were estimated by the non-linear regression method using GraphPad Prism Ò version 4.01 (GraphPad Software, nc., San Diego, U.S.A).
Southern-blot analysis. Genomic DNA was isolated from young fruiting bodies of L. chrysorrheus using the Cetyl trimethyl ammonium bromide (CTAB) method. 37) The genomic DNA was digested completely with each of several restriction endonucleases overnight, and then separated by electrophoresis in 0.8% agarose gels and blotted onto nylon membrane (Hybond-N, Amersham Biosciences). The DNA probe was labeled with alkaline phosphatase at 37 C for 30 min (Amersham Biosciences) and hybridization was performed at 55 C overnight. After hybridization, the blotted membrane was washed with primary wash buffer (50 mM NaH 2 PO 4 pH 7.0, 150 mM NaCl, 1 mM MgCl 2 , 2 M urea, 0.1% w/v SDS) at 55 C and with secondary wash buffer (50 mM Tris-NaOH pH 10.0, 100 mM NaCl, 2 mM MgCl 2 ) at room temperature, followed by detection with CDP-Star (Amersham Biosciences). The blot was exposed on the autoradiography film for 10 min then developed with Fuji Medical Film Processor FPM100 (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Results
Cloning of cDNA encoding FPS Total RNA was successfully isolated from young sporophores of L. chrysorrheus in sufficient amounts with high purity. Using the isolated RNA, the cDNA was synthesized and was used as the template to amplify the DNA fragment encoding a partial FPS by degenerate PCR. The degenerate primers were designed based on the sequence information of the highly conserved regions of FPSs from other yeasts and fungi submitted to the database (http://www.ncbi.nih.gov/entrez/query. fcgi). The deduced amino acid sequence encoded by 432 bp of the PCR fragment obtained showed high sequence similarity to FPSs from other fungi (C. purpurea, N. crassa, and G. fujikuroi).
To obtain the sequence information of the full length of cDNA encoding the FPS, the 5 0 -and 3 0 -RACE methods were carried out using sequence-specific primers and the total RNA isolated from L. chrysorrheus sporophores as the template. The nucleotide and deduced amino acid sequences are shown in Fig. 1 . The full length of the cDNA was 1514 bp, in which an ORF encodes a protein of 381 amino acid residues with a molecular mass of 42.9 kDa (LcFPS). The first ATG codon of this deduced amino acid sequence was designated the start codon, and showed the complete functional domain for polyprenyl synthase activity, as predicted by the Conserved Domain Architecture Retrieval Tool (CDART) (http://www.ncbi.nlm.nih.gov/ BLAST/). The sequence surrounding the ATG translation initiation codon is consistent with the consensus sequence (A/G)XXAUGG (where X can be any nucleotides) found in eukaryotic cells. 38) Thus, it can be supposed that the translation starts from this ATG codon. LcFPS contains the two aspartate-rich motifs conserved in all trans-prenyl diphosphate synthases, as well as other conserved regions. 39) In addition, two aromatic residues were placed at the fifth and fourth positions before the FARM motif (Tyrosine, Y and Phenylalanine, F) with no insertion in the FARM itself (DDIMD) (Fig. 1) . This implies that the LcFPS has an FPS activity that does not yield long-chain products (> C 15 ). 40) Comparison of the deduced amino acid sequences of Numbers on the left refer to nucleotides; those on the right refer to amino acids. Two highly conserved regions of all trans-prenyl diphosphate synthases and the two aromatic residues essential for the product length are boxed.
LcFPS with other known FPSs indicated that LcFPS was classified into the fungal and yeast group: 25-27% identity with two bacteria, 7, 8) 53-55% identity with four fungi and yeasts, 6, 12, 41) 44-45% identity with mammals, [3] [4] [5] 49-51%, and identity with model plants and the rubber-producing plants. 10, 19, 22, 42) These results were visualized with a phylogenetic tree constructed by the CLUSTAL W program 43) (Fig. 2) .
Expression and purification of recombinant LcFPS
To confirm that FPS has FPS activity, we tried to express LcFPS in an E. coli system, followed by purification and characterization of the recombinant protein. First, we tried to express LcFPS with the His 6 -tag at its N-terminus using the pET-15b system (Novagen). But, our first attempt was unsuccessful and the purified fusion protein obtained did not show any prenyltransferase activity, probably because the His 6 -tag impaired enzymatic activity (data not shown). Therefore, we applied the pGEX6P-1 vector to express an Nterminal fusion of LcFPS with the GST tag. The fusion protein (GST-LcFPS) was designed to have the recognition sequence for site-specific cleavage by PreScissionÔ protease between the GST tag and the net LcFPS protein.
The expression of GST-LcFPS in E. coli and the process of preparing the purified LcFPS were checked by SDS-PAGE analysis (Fig. 3) . The addition of IPTG to a final concentration of 1 mM induced expression of GST-LcFPS with a weight of 69 kDa, which is the summation of the GST moiety of 26 kDa and the net LcFPS of 43 kDa (Fig. 3, lane 2) . GST-LcFPS was purified with a GSTrap FF affinity column. The elution of GST-tagged protein was conducted by 10 mM reduced glutathione in 50 mM Tris-HCl (pH 8.0) (Fig. 3, lane 3 ). The GST moiety was then cleaved by PreScissionÔ protease at 4 C for 16 h, followed by trapping of the removed GST moiety on the affinity column to obtain the purified mature protein (LcFPS) as indicated at 43 kDa (Fig. 3, lane 4) .
Measurement of prenyltransferase activity and product analysis
Measurement of enzymatic activity using DMAPP and [4- 14 C]IPP as substrates showed that the purified recombinant LcFPS retained considerable prenyltransferase activity. The GST-tagged form (GST-LcFPS) also showed detectable activity, but lower than that of LcFPS. Hence, we used LcFPS for further detailed analysis. The maximum activity was achieved at pH 7.5 (50 mM MOPS buffer) and 2 mM MgCl 2 at 30 C. Under these conditions, the reaction mixture was incubated for 2 h, and the reaction products were dephosphorylated and analyzed by reverse-phase TLC (Fig. 4) . Whether DMAPP or GPP ws used as the allylic substrate, farnesol (FOH) was detected mainly by TLC analysis, indicating that LcFPS mainly gave FPP, i.e., it had FPS activity. A small amount of geranol (GOH) was yielded as an intermediate product when the reaction was performed with DMAPP. No activity was detected when FPP or GGPP was used as the allylic substrate (Table 1) . Hence, we concluded that we had successfully isolated the cDNA encoding FPS from L. chrysorrheus. Table 2 represents the kinetic constants of LcFPS determined with [4- 14 C]IPP and DMAPP or GPP as the substrates. LcFPS showed a 3.2-fold lower K m value for GPP than for DMAPP, and a slightly lower k cat value for GPP than for DMAPP. The k cat =K m value for GPP was 2.4-fold higher than for DMAPP, indicating that GPP was preferable to DMAPP as the allylic substrate. In contrast, when GPP was used as the counter substrate, LcFPS showed a 2-fold lower K m value and a 2-fold lower k cat value for IPP than obtained with DMAPP as the counter-substrate. The k cat =K m value for IPP with GPP was 1.5-fold higher than that for IPP with DMAPP. This result also suggests that LcFPS prefers GPP to DMAPP as the allylic substrate.
Kinetic analysis of LcFPS
Genomic Southern-blot analysis of LcFPS Southern hybridization was performed to estimate the copy number of genes encoding FPS in L. chrysorrheus. 14 C]IPP and GPP or DMAPP respectively in the absence of enzyme. Lanes 2 and 3, products obtained by incubation using [4- 14 C]IPP and GPP or DMAPP respectively with the purified enzyme. ori., origin; s.f., solvent front. Table 2 . Kinetic Parameters of LcFPS The kinetic parameters of LcFPS were determined at 30 C for 20 min, as described in the experimental section. The concentrations of the counter-substrates were set at saturating levels, as indicated. The k cat value was defined by the unit of nmol of IPP converted into products per s by 1 nmol of the dimer enzyme. We prepared the genomic DNA from the young fruiting body and digested it with four kinds of restriction enzymes and then hybridization was performed under stringent condition. As shown in Fig. 5 , two bands were detected in the case of all the restriction enzymes we tested. This result suggests that L. chrysorrheus contains more than two genes corresponding to LcFPS.
Discussion
To collect information about rubber biosynthesis, we performed cloning and characterization of enzymes involved in rubber formation. FPS catalyzes the condensation of IPP with DMAPP or GPP to produce FPP, which is one of the key precursors involved in the initiation step of rubber biosynthesis in both the Hevea rubber tree and the rubber-producing mushroom L. chrysorrheus. We considered that L. chrysorrheus was a good model organism for studying rubber biosynthesis and tried to isolate the cDNA encoding FPS from this mushroom, because good structural analyses of rubber from both organisms have been performed and L. chrysorrheus gives a lower molecular weight of cispolyisoprene than the Hevea rubber tree. 23, 29) The product specificity of the purified recombinant protein indicated that the isolated cDNA encodes an FPS (LcFPS) (Fig. 4, Table 1 ). LcFPS showed maximum activity at pH 7.5 in the presence of 2 mM MgCl 2 . In the Hevea rubber tree, the enzymes responsible for incorporating IPP into rubber are distributed between the surface of the rubber particles and the aqueous serum phase of the latex, and the activity requires a divalent cation (Mg 2þ or Mn 2þ ) to enhance the affinity of the enzymes to the substrates at almost the same concentration as in the case of LcFPS. 1, 44) This suggests that LcFPS might exist around the surfaces of the rubber particles of L. chrysorrheus. But, computer analysis using the PSORT program (http://www.psort.nibb.ac.jp) predicted that LcFPS would be localized in the cytosol. Hence we assumed that LcFPS might be a cytosolic protein and that it attached to the surface of the rubber particle to supply the initiating substrate for isoprene polymer biosynthesis.
The kinetic study of LcFPS showed a substrate preference for GPP over DMAPP (Fig. 4 , Table 2 ). The k cat value was lower than the values of FPSs from Bacillus stearothermophilus 45) or Trypanosoma cruzi, 46) which might reflect the temperature preference and the purity of the enzymes. Southern blot analysis using genomic DNA from L. chrysorrheus indicated that the copy number of LcFPS is at least two (Fig. 5) . Previous reports have indicated that the other fungi and S. cerevisiae possess a single copy of the FPS gene. 6, 12) Amongst rubber producing plants, the Hevea rubber tree has only one copy of FPS, 19) while two copies of the FPS gene have been isolated from guayule. 22) Immunoblot analysis of FPS in the tissues of the Hevea rubber tree indicated that some part of the FPS is localized in laticifiers and involved in rubber biosynthesis, while the other part of the FPS is in epidermal cells and participates in the biosynthesis of essential isoprenoid compounds. At present, we have not directly proved that LcFPS is involved in rubber biosynthesis. Based on the fact that two copies of the genes encoding FPS exist in the L. chrysorrheus genome, we can envisage that only one of the two FPSs participates in rubber biosynthesis and essential isoprenoid biosynthesis. Further investigation, including localization of LcFPS in the tissues and in the cells, together with those concerning an LcFPS homolog, would be required to elucidate the mechanism of the biosynthesis of the initiation substrate for rubber production.
